Oncogenic EGFR mutations are found in 10-35% of lung adenocarcinomas. Such mutations, which present most commonly as small in-frame deletions in exon 19 or point mutations in exon 21 (L858R), confer sensitivity to EGFR tyrosine kinase inhibitors (TKIs). In analyzing the tumor from a 33-year-old male never smoker, we identified a novel EGFR alteration in lung cancer: EGFR exon 18-25 kinase domain duplication (EGFR-KDD).
Introduction
The prospective identification and rational therapeutic targeting of tumor genomic alterations have revolutionized the care of patients with lung cancer and other malignancies. Oncogenic mutations in the epidermal growth factor receptor (EGFR) tyrosine kinase domain are found in an important subset of non-small cell lung cancer (NSCLC), and several large phase III clinical trials have shown that patients with EGFRmutant lung cancer derive superior clinical responses when treated with EGFR tyrosine kinase inhibitors (TKIs) as compared with standard chemotherapy (1) (2) (3) . Such mutations, which most commonly occur as either small in-frame deletions in exon 19 or point mutations in exon 21 (L858R), confer constitutive activity to the EGFR tyrosine kinase and sensitivity to EGFR TKIs (4) . Other oncogenic alterations, including ALK and ROS1 gene rearrangements, have similarly allowed for the rational treatment of molecular cohorts of NSCLC.
Unfortunately, despite these significant advances in defining clinically relevant molecular cohorts of lung cancer, the currently identified genomic alterations account for only 50-60% of all tumors. Additional analyses are necessary to identify therapeutically actionable molecular alterations in these tumors.
Here, we describe the case of a 33-year-old male never smoker with metastatic lung adenocarcinoma whose tumor lacked all previously described actionable genomic alterations in this disease. Targeted next generation sequencing (NGS) based genomic profiling identified a novel in-frame tandem duplication of EGFR exons 18-25, the exons that encode the EGFR tyrosine kinase domain. This EGFR kinase domain duplication (EGFR-KDD) had not previously been reported in lung cancer, and there were no pre-clinical data or clinical evidence to support the use of EGFR inhibitors in patients whose tumors harbor the EGFR-KDD. However, the index patient was treated with the EGFR inhibitor, afatinib, with rapid symptomatic improvement and significant decrease in tumor burden. Notably, upon disease progression, the patient's tumor harbored an increase in the copy number of the EGFR-KDD, solidifying the role of this EGFR alteration as a novel driver in this disease.
Through analysis of a large set of annotated tumors, we demonstrate that the EGFR-KDD is recurrent in lung, brain, and soft tissue tumors. Overall, our data show, for the first time, that EGFR-KDD is an oncogenic and therapeutically actionable alteration.
Results

Case Report
A 33-year-old male never smoker was diagnosed with stage IV lung adenocarcinoma after presenting with cough and fatigue. His tumor biopsy was sent for genomic profiling using an extensively validated hybridcapture-based NGS diagnostic assay (FoundationOne™) (5) . The patient's tumor was found to be negative for any previously described actionable alterations in lung cancer, including negative for the presence of previously described EGFR alterations such as L858R, G719A/C/S, and L861Q point mutations, exon 19 deletion/insertion, and exon 20 insertion. Interestingly, however, the patient's tumor was found to harbor an intragenic alteration in EGFR resulting in the tandem duplication of exons 18-25 (Fig. S1a) . The presence of this alteration was confirmed by direct sequencing (data not shown) and by an independent clinical NGS assay (MSK-IMPACT™) (6) (Fig. S1b) . Since exons 18-25 of EGFR encode the entire tyrosine kinase domain, this alteration results in an EGFR protein that has an in-frame kinase domain duplication (EGFR-KDD) (Fig. 1a and Fig. S2) . Notably, this EGFR alteration had not previously been reported in lung cancer; the EGFR-KDD (as duplication of exons 18-25 or 18-26) had only been reported in isolated cases of glioma to date (7-11).
There were no data regarding the frequency of this alteration in tumor samples, nor were there data regarding the efficacy of EGFR-targeted agents against the EGFR-KDD.
Frequency of EGFR-KDD in lung and other cancers
To determine the frequency of the EGFR-KDD in lung cancer and other tumors, we analyzed data from >38,000 clinical cases, each of which had results from FoundationOne™ targeted sequencing, analogous to the index patient. The EGFR-KDD was detected in 5 tumors from ~7,200 total lung cancers tested. In addition, EGFR-KDD was identified in 3 gliomas, 1 sarcoma, 1 peritoneal carcinoma, and 1 Wilms' Tumor ( Table 1) .
Among samples in The Cancer Genome Atlas (TCGA), we found previously unreported cases of the EGFR-KDD in lung adenocarcinoma and glioblastoma multiforme ( Table 1 and Fig. S3a-d) . Two additional cases were found by MSK-IMPACT™ sequencing (Table 1) . Together, these data show that the EGFR-KDD is a recurrent mutation in lung cancer, glioma, and other human malignancies. It is important to note, however, that since most conventional (exomic) sequencing platforms would not routinely detect this particular EGFR alteration (due to its intronic breakpoints), these numbers are likely an underestimate, and the true prevalence of the EGFR-KDD remains unknown.
The EGFR-KDD is oncogenic
We expressed EGFR-KDD in NR6 and BA/F3 cells (Figs. 1b-e) . We observed expression of EGFR-KDD at the expected molecular weight as compared to EGFR wild-type (WT) and the well-characterized EGFR-L858R mutation (Figs. 1b, d) . In contrast to EGFR-WT, both EGFR-L858R and EGFR-KDD displayed high levels of autophosphorylation. Consistent with these data, EGFR-KDD protein is constitutively autophosphorylated in the absence of serum in A1235 cells, a glioma cell line which harbors endogenous EGFR-KDD (Fig. S4) (7) .
To address whether EGFR-KDD is an oncogenic alteration, we tested its ability to confer anchorageindependent growth to NR6 cells. EGFR-KDD significantly increased colony formation in soft agar as compared to both EGFR-WT and the known oncogenic EGFR-L858R mutation (Figs. 1c and Figs. S5a-d) .
Expression of a kinase dead version of the EGFR-KDD (called EGFR-KDD-dead) abrogated the growth of NR6 cells in soft agar, consistent with the requirement of kinase activity for anchorage-independent growth. In parallel, we expressed the same EGFR variants in BA/F3 cells (Fig. 1d) . EGFR-KDD, but not its kinase dead counterpart, induced IL-3-independent proliferation of BA/F3 cells, an activity phenotype associated with the transforming function of other oncogenic tyrosine kinases (Fig. 1e) (12) . As previously reported, EGFR-L858R, but not EGFR-WT, was able to support IL-3 independent growth of BA/F3 cells (12) .
Computational modeling demonstrates that EGFR-KDD can form intra-molecular dimers To provide insight into the mechanism of activation of EGFR-KDD, we examined the structure of the EGF receptor. The EGFR tyrosine kinase is known to be activated either due to increased local concentration of EGFR (e.g., as a result of ligand binding or overexpression), mutations in the activation loop (e.g., L858R), or through formation of asymmetric (N-lobe to C-lobe) inter-molecular dimers between two EGFR proteins (13) .
Given the presence of two tandem in-frame kinase domains within the EGFR-KDD structure, we hypothesized that EGFR-KDD could form an intra-molecular dimer. To test this hypothesis, we modeled the EGFR-KDD based on the available experimental structure of the active asymmetric EGFR dimer (13) . Conformational loop sampling with Rosetta demonstrates that the linker between the tandem tyrosine kinase domains allows for the proper positioning of the two domains necessary for asymmetric dimerization and intra-molecular EGFR activation (Fig. 1f) . Therefore, our model suggests that EGFR-KDD is an oncogenic variant of the EGF receptor likely by virtue of its ability to form intra-molecular asymmetric activated dimers. Although modeling demonstrates that the EGFR-KDD is geometrically capable of forming intra-molecular asymmetric dimers, further experimental data would be needed to confirm this mechanism.
The EGFR-KDD can be therapeutically targeted with existing EGFR TKIs We sought to determine whether EGFR TKIs are an effective therapeutic strategy for tumors harboring the EGFR-KDD. We treated BA/F3 cells expressing EGFR-WT, EGFR-L858R, and EGFR-KDD with erlotinib (1st generation reversible EGFR TKI) (14) , afatinib (2nd generation irreversible inhibitor of EGFR/HER2) (15) , and AZD9291 (3rd generation mutant specific EGFR TKI) (16) to assess the effects of these inhibitors on the autophosphorylation (and by extension, the kinase activity) and downstream signaling properties of the EGFR kinase. All three EGFR TKIs were able to inhibit EGFR-KDD tyrosine phosphorylation in a dose-dependent manner, albeit to different levels ( Table S1 ). Consistent with our signaling data, the growth inhibition observed was most pronounced with afatinib. Analogous results were seen in A1235 cells (Fig. S6c) . Together, these results show that the EGFR-KDD can be potently inhibited by afatinib, leading to decreased cell viability.
Treatment of the index patient with afatinib
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Since there were no data regarding the use of EGFR TKIs or monoclonal antibodies in the setting of a tumor harboring the EGFR-KDD, the index patient was initially treated with standard first line chemotherapy for stage IV lung adenocarcinoma (cisplatin/pemetrexed/bevacizumab). However, at the time of disease progression on this treatment regimen, the patient was treated with afatinib. Immediately after beginning afatinib, the patient reported feeling markedly better with improvements in his symptoms of cough and fatigue. After two cycles of afatinib, the patient showed a partial radiographic response (~50% tumor shrinkage) per RECIST criteria (17) ( Fig. 3a) . This clinical activity is consistent with our in vitro studies and provides rationale for further clinical investigation.
Acquired resistance to afatinib
The index patient developed acquired resistance to afatinib after 7 cycles of therapy (Fig. 3a) . This duration of response is in line with the typical responses observed in other EGFR-mutant lung cancers treated with EGFRTKIs (1-3). Molecular profiling was performed on the afatinib resistant tumor biopsy sample, and this testing uncovered significant amplification of the EGFR-KDD allele as the only genomic alteration that differed from his pre-treatment tumor sample (Fig. 3b) . This sequencing result was confirmed via EGFR fluorescence in situ Fig. 3c) . Amplification of the mutant EGFR allele has been reported as a mechanism of acquired resistance in the context of canonical EGFR mutations (e.g. exon 19 deletion, L858R) in lung cancer (18) . Therefore, amplification of the EGFR-KDD in this post-treatment sample suggests an EGFR-dependent mechanism of resistance, thereby further validating this EGFR alteration as a driver and therapeutic target in patients.
Discussion
Although much progress has been made over the past several decades, lung cancer remains the leading cause of cancer deaths worldwide (19) . The discovery of oncogenic EGFR mutations that sensitize lung cancers to EGFR TKIs heralded the dawn of molecularly-targeted therapy in this disease (20) (21) (22) . Indeed, numerous phase III studies have now documented that patients with EGFR-mutant tumors derive significant clinical and radiographic benefit from treatment with EGFR TKIs, such as gefitinib, erlotinib, and afatinib (1-3).
The majority of previously described activating mutations in EGFR are a series of small deletions in exon 19 or leucine to arginine substitutions at position 858 (L858R) in exon 21 (23) . However, because mutations historically have been interrogated by 'hot-spot' PCR-based methods, most EGFR mutations are biased to fall between exons 18 and 21.
Here, we report the EGFR kinase domain duplication (EGFR-KDD) for the first time in lung cancer. This EGFR alteration contains an in-tandem and in-frame duplication of exons 18-25, which encode the entire EGFR kinase domain. We demonstrate that the EGFR-KDD is an oncogenic and constitutively activated form of the EGF receptor. We provide a structural model whereby the EGFR-KDD can be activated by virtue of asymmetric intra-molecular dimerization, as opposed to the typical asymmetric inter-molecular dimerization between adjacent EGFR molecules. Furthermore, we demonstrate that the EGFR-KDD can be therapeutically targeted with EGFR TKIs, many of which are already FDA-approved. Additionally, we establish that the EGFR-KDD alteration is not only recurrent in lung cancer but also in gliomas and other tumor types.
Most importantly, we provide the first documentation of a clinical response to EGFR inhibitor therapy in a lung cancer patient whose tumor harbored the EGFR-KDD alteration. In contrast to lung cancer patients with more common EGFR mutations (e.g., exon 19 deletion and L858R), prior to our study, there was no precedent to support the use of EGFR inhibitors in patients whose lung tumors harbor the EGFR-KDD alteration. Therefore, our patient was not eligible for first-line EGFR TKI therapy and was instead treated with platinum based chemotherapy, the standard of care for metastatic lung adenocarcinoma (24) . The index patient was treated with afatinib for second-line therapy because this agent is FDA approved for the treatment of EGFR-mutant NSCLC and because, interestingly, afatinib was consistently the most potent EGFR TKI against the EGFR-KDD across several different assays. This was not unexpected as it has been shown that various EGFR mutations or truncations have differential sensitivity to EGFR TKIs due to nuanced structural differences (25) .
The marked tumor regression and improved functional status seen with afatinib therapy provides important clinical validation for the EGFR-KDD as an actionable alteration in lung cancer. Overall, the index patient derived a partial response to afatinib for 7 cycles, after which there was progression of disease. His tumor was re-biopsied and found to contain amplification of the EGFR-KDD in this post-treatment sample-suggesting an EGFR-dependent mechanism of resistance and validating this EGFR alteration as a driver and therapeutic target in patients.
This case also reinforces the need to functionally validate and discern the therapeutic 'actionability' of genomic alterations as increasingly sophisticated methods of NGS-based assays are being brought to the forefront of clinical diagnostics. Notably, the EGFR-KDD would not have been recognized by the 'hot-spot' PCR-based methods for EGFR mutational analysis described above. Therefore, it is not surprising that this EGFR alteration had not previously been detected. In fact, the EGFR-KDD in the index patient's tumor was identified because of a fortuitous intronic breakpoint that lay close to the exonic probes of the NGS diagnostic assay (Fig. S1a) . Therefore, we hypothesize that the EGFR-KDD may have gone and may continue to go undetected in other tumors because standard (exomic) sequencing platforms do not target this particular alteration due to its large intragenic repeat and intronic breakpoint. Thus, while our data show that the EGFR-KDD is recurrent in multiple tumor types, this alteration would not be detected with currently approved PCR-based methods and is difficult to detect using standard exomic sequencing, consequently making our reported frequency a likely underestimate. Future design of tumor sequencing platforms should incorporate intronic probes for EGFR in order to more reliably detect the EGFR-KDD.
In summary, we have identified a recurrent, oncogenic, and drug sensitive EGFR-KDD in a subset of patients with lung cancer, glioma, and other cancer types. Our findings provide a rationale for therapeutically targeting this unique subset of EGFR-KDD driven tumors with EGFR tyrosine kinase inhibitors, many of which are already FDA-approved. Therefore, findings from our studies are expected to be rapidly translated into the clinic as they provide a new avenue for precision medicine in these difficult-to-treat malignancies.
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Methods
Cell culture
The human lung adenocarcinoma cell line, II-18, has been previously described and was verified to harbor the EGFR-L858R mutation direct by cDNA sequencing (26) . A1235 cells were a kind gift from Drs. Fenstermaker and Ciesielski (Roswell Park Cancer Institute, Buffalo, NY) (7). 293T cells were purchased from ATCC. BA/F3 cells were purchased from DSMZ. Plat-GP cells were purchased from CellBioLabs. NR6 cells were a kind gift from Dr. William Pao (27) . II-18 and BA/F3 cells were maintained in RPMI 1640 medium (Mediatech, Inc.). A1235, 293T, and NR6 cells were maintained in DMEM (Gibco). Media was supplemented with 10% heat inactivated fetal bovine serum (Atlanta Biologicals) and penicillin-streptomycin (Mediatech, Inc.) to final concentrations of 100 U/ml and 100 µg/ml, respectively. The BA/F3 cell line was supplemented with 1 ng/mL murine IL-3 (Gibco). The Plat-GP cell line was cultured in the presence of 1 µg/mL blasticidin (Gibco). All cell lines were maintained in a humidified incubator with 5% CO2 at 37°C and routinely evaluated for mycoplasma contamination. Besides verifying the status of EGFR mutations in cell lines, no additional cell line identification was performed.
Compounds
Erlotinib, afatinib, and AZD9291 were purchased from Selleck Chemicals.
EGFR plasmid construction
A cDNA encoding the EGFR-KDD (exon 18-25 tandem duplication) was synthesized by Life Technologies based on the consensus coding sequence (Fig. S2) . The pMSCV-puro vector backbone (Clontech) was used to construct all retroviruses. Assembly of pMSCV-puro-EGFR-WT and pMSCV-puro-EGFR-L858R was previously described (28) . The EGFR-KDD was subcloned from the pMA synthesis vector (Life Technologies) into the HpaI site of pMSCV-puro using blunt end ligation. The pcDNA3.1 vector was used for transient expression experiments in 293T cells. Assembly of pcDNA-EGFR-WT and pcDNA-EGFR-L858R was previously described (22) . EGFR-KDD was subcloned from the pMA synthesis vector (Life Technologies) into the pcDNA3.1/V5 vector (Life Technologies) using Gateway cloning (Life Technologies). All plasmids were sequence verified in the forward and reverse directions. EGFR-KDD-dead was constructed using multi-sitedirected mutagenesis (Agilent) of the catalytic lysines (K745 and K1096) to methionines using the following primer:
The plasmids were fully re-sequenced in each case to ensure that no additional mutations were introduced.
BA/F3 and NR6 cell line generation
The empty pMSCV-puro retroviral vector or pMSCV-puro vectors encoding EGFR (either EGFR-WT, EGFR-L858R, EGFR-KDD, or EGFR-KDD-dead) were transfected, along with the envelope plasmid pCMV-VSV-G (CellBioLabs), into cells Plat-GP packaging cells (CellBioLabs). Viral media was harvested 48 hours after transfection, spun down to remove debris, and supplemented with 2 µg/mL polybrene (Santa Cruz). 2.5×10 immunoblotting, cells were harvested, washed in PBS, and lysed in RIPA buffer (150 mM NaCl, 1% Triton-X-100, 0.5% Na-deoxycholate, 0.1% SDS, 50 mM Tris·HCl, pH 8.0) with freshly added 40 mM NaF, 1 mM Naorthovanadate, and protease inhibitor mini tablets (Thermo Scientific). Protein was quantified using protein assay reagent and a SmartSpec plus spectrophotometer (Bio-Rad) per the manufacturer's protocol. Lysates were subjected to SDS-PAGE followed by blotting with the indicated antibodies and detection by Western Lightning ECL reagent (Perkin Elmer).
Cell viability, counting, and clonogenic assays
For viability experiments, cells were seeded at 5,000 cells/well in 96-well plates and exposed to treatment the following day. At 72 hours post drug addition, Cell Titer Blue reagent (Promega) was added, and fluorescence at 570 nm was measured on a Synergy MX microplate reader (Biotek) according to the manufacturer's instructions. For cell counting experiments, cells were seeded at 20,000 cells/well in 24-well plates in the presence or absence of 1 ng/mL IL-3. Every 24 hours, cells were diluted 20 fold and counted using a Z1
Coulter Counter (Danaher). For clonogenic assays, cells were seeded at 5,000 cells/well in 24-well plates and exposed to treatment the following day. Media and inhibitors were refreshed every 72 hours, and cells were grown for 1 week or until confluence in control wells. Cells were fixed with 4% v/v formalin and stained with 0.025% crystal violet. Dye intensity was quantified using an infrared imaging system (LI-COR). Viability assays were set up in quadruplicate, clonogenic assays were set up in triplicate, and cell-counting assays in duplicate.
All experiments were performed at least three independent times. Data are presented as the percentage of viable cells compared to control (vehicle only treated) cells. Regressions were generated as sigmoidal doseresponse curves using Prism 6 (GraphPad) by normalizing data and constraining the top to 100.
Soft agar assays 1.5 mL of 0.5% agar/DMEM was layered in each well of a 6-well dish. A total of 10,000 NR6 cells in 1.5 mL of 0.33% soft agar/DMEM were seeded on top of the initial agar and allowed to grow for 15 days. Each cell line was plated in triplicate. Colonies were counted using GelCount (Oxford Optronix) with identical acquisition and analysis settings.
Transient transfections 293T cells were transfected using Lipofectamine 2000 (Life Technologies) per the manufacturer's recommendations. 24 hours post-transfection, cells were treated for two hours, gathered for western blot analysis, and prepared as described above.
Structural modeling of the EGFR-KDD
The linker residues in the EGFR-KDD protein sequence, FFSSPSTSRTPLLSSLLVEPLTPS, were defined as those between the two kinase domains and not present in the X-ray crystal structure of EGFR in its allosterically activated dimeric form, 2GS6.pdb (13) .This linker was manually built and placed into the EGFR crystal structure using PyMOL 1.5.0.3. The conformational space for the linker was then sampled using the loop modeling functionality of Rosetta version 2015.05 (29) . 20,000 independent loop modeling runs were performed using kinematic closure. The best model from these runs was still lacking residues 748-750, 992-1004, 1099-1101, and 1343-1355 because these surface-exposed loops were not resolved in the experimental structure. These four loops were reconstructed using Modeller 9.14, and the model with the lowest DOPE score was selected (30) . Those loops were then sampled for an additional 20,000 runs using Rosetta to generate the complete energy-minimized model of EGFR-KDD residues GLY 696 -PRO 1370. (e714b8a4-dd57-4b01-83fd-d3a9fb2d4ad1120 and c552b1e3-9158-4c4d-b02b-b16ff7903552) and whole-genome sequencing (27c2031a-39f1-473c-88a6-9e7a03cedf04) files were inspected to confirm the presence of tandem duplication reads. Raw data available at: doi:10.7908/C1K64H04 and doi:10.7908/C1MP525H.
EGFR fluorescence in situ hybridization (FISH)
EGFR FISH was performed by Integrated Oncology, a LabCorp specialty testing group, using the EGFR-CEP7
Dual Color DNA Probe (Vysis). A trained pathologist quantified the copies of CEP7 and EGFR in 60 nuclei per sample.
Statistics and data presentation
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